MSX1 has a critical role in craniofacial development, as indicated by expression assays and transgenic mouse phenotypes. Previously, MSX1 mutations have been identified in three
INTRODUCTION
C ongenital agenesis of one or more permanent teeth, also known as hypodontia, is among the most well-recognized morphologic anomalies in humans, and yet the etiology is largely unknown (Vastardis, 2000) . Oligodontia has been defined as agenesis of more than 6 permanent teeth (Stockton et al., 2000) . In Caucasians, tooth agenesis most commonly involves third molars, with from 10 to 25% of the population affected. Reports on the overall incidence of missing permanent teeth, excluding third molars, vary substantially, from 2% to 10%. In Caucasians, approximately 80% of tooth agenesis cases involve only one or two teeth.
Evidence supporting a genetic etiology for tooth agenesis is wellestablished (reviewed by (Vastardis, 2000) . Tooth agenesis usually presents as an isolated anomaly. However, it is known to occur in association with syndromes or inherited disorders, many of which have known genetic defects (Gorlin, 1990) .
It has been proposed that tooth shape and position are specified by multiple homeobox genes expressed in neural-crest-derived mesenchyme in the mandibular and maxillary processes of the first branchial arch (Sharpe, 1995; Thomas and Sharpe, 1998) . These expression patterns and the dental abnormalities observed in transgenic mice of these genes support such a theory (Satokata and Maas, 1994; Qiu et al., 1997; Winograd et al., 1997; Satokata et al., 2000) .
MSX1, a non-clustered homeobox protein, has considerable evidence suggesting that it plays a role in dental development. Homozygous Msx1-deficient mice have complete secondary cleft palate, complete failure of incisor development, and bud-stage arrest of molar development (Satokata and Maas, 1994 ). An Arg196Pro missense mutation in the homeodomain of MSX1 was described in a large family with a severe form of autosomal-dominant tooth agenesis (Vastardis et al., 1996) . Another large family with a similar pattern of tooth agenesis was found to have a MSX1 Ser105Stop mutation (van den Boogaard et al., 2000) . Interestingly, some affected individuals also had cleft lip or cleft palate, extending the phenotypes associated with MSX1 mutations in humans and supporting previous associations reported between MSX1 and non-syndromic cleft lip and cleft palate (Lidral et al., 1998; Beaty et al., 2001; Blanco et al., 2001) . More recently, a MSX1 Ser202Stop mutation was reported to be associated with the Witkop syndrome, which includes tooth agenesis and nail dysgenesis (Jumlongras et al., 2001) .
Thus, Msx1 expression is essential for murine dental development, and mutations in the homeobox of human MSX1 are responsible for some instances of tooth agenesis in humans. The purpose of this study is to test the hypothesis that mutations in MSX1 are common causes of tooth agenesis of the human permanent dentition.
The Role of MSX1 in Human Tooth Agenesis families with autosomal-dominant tooth agenesis. To test the hypothesis that MSX1 mutations are a common cause of congenital tooth agenesis, we screened 92 affected individuals, representing 82 nuclear families, for mutations, using single-strand conformation analysis. A Met61Lys substitution was found in two siblings from a large family with autosomal-dominant tooth agenesis. Complete concordance of the mutation with tooth agenesis was observed in the extended family. The siblings have a pattern of severe tooth agenesis similar that in to previous reports, suggesting that mutations in MSX1 are responsible for a specific pattern of inherited tooth agenesis. Supporting this theory, no mutations were found in more common cases of incisor or premolar agenesis, indicating that these have a different etiology.
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MATERIALS & METHODS

Patient and Control Samples
A total of 92 individuals, constituting 82 nuclear families, affected with congenital tooth agenesis was recruited from The Ohio State University College of Dentistry and Children's Hospital in Columbus, OH. Written consent was obtained, and the study was approved by the Ohio State University IRB (Protocol No. 97H0047). The inclusion criterion was congenital agenesis of at least one secondary tooth, not including third molars, as verified by radiographs and dental history. Instances of tooth agenesis adjacent to a cleft site were not included, because the absence of such teeth is likely the consequence of local developmental anomalies at the cleft site. Third molar agenesis was not characterized in all subjects, since some were too young for this trait to be determined. The Universal Tooth Numbering System was used to designate which teeth were missing (Parreidt, 1882) . Medical, birth defect, and family histories were gathered to identify possible associated anomalies. In addition, 40 Caucasian controls, from Ohio, who were not affected with tooth agenesis (excluding third molars) were also recruited.
MSX1 Mutation Screen and Sequencing
DNA was extracted from all 92 subjects (Richards et al., 1993) , and 8 overlapping primer pairs spanning the two MSX1 exons were amplified and screened for single-strand conformation polymorphisms (SSCPs) (Lidral et al., 1998) . Positive controls consisting of known MSX1 variants (Lidral et al., 1998) were also loaded on the gel for comparison with observed shifts in the tooth agenesis samples. Shifted bands were excised from the gel, reamplified, and re-analyzed by single-strand conformation analysis (SSCA). This revealed that the shifted bands were true SSCPs and not heteroduplexes. Both the genomic DNA and the excised band shifts were sequenced in both directions by means of the ABI Prism BigDye terminator cycle sequencing kit on an ABI 310 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA).
Linkage Analysis
Nine additional family members of the affected siblings with the Met61Lys mutation were recruited, for a total of seven affected and four unaffected individuals. The T to A change at nucleotide 620 obliterates a NlaIII restriction site. The entire family was genotyped for the Met61Lys mutation by NlaIII digestion of the X1.2 PCR products. We performed parametric linkage analysis using GENEHUNTER (Kruglyak et al., 1996) , with the penetrance set at 95% for an autosomal-dominant inheritance pattern, 5% phenocopy rate, and a 2.4% disease allele frequency.
RESULTS
Tooth Agenesis Frequency
A total of 92 individuals constituted the sample, representing 82 unrelated families. Eight were non-Caucasian: two Asian, three African, one Iranian, one Latin-American, and one Indian. The age range was from 5 to 57 yrs old. Thirty-one had an additional first-degree relative reported to have tooth agenesis. Fifteen are known to be affected with another congenital abnormality or systemic disease; eight are affected with cleft lip, cleft palate, or submucous cleft palate, of which one also has subaortic stenosis, three with heart defects, one with heart, kidney, and ear anomalies, two siblings with hypospadias and undescended testicles, and one with mitral prolapse, essential hypertension, and thyroid disease. Sixtynine individuals in the sample are Caucasians unaffected by other congenital abnormalities or systemic diseases. Excluding third molar agenesis, 74% are missing only one or two teeth, while only 10% are missing 5 or more (Fig. 1) . The most commonly missing teeth are the mandibular second premolars, followed by the maxillary lateral incisors and subsequently the maxillary second premolars (Fig. 2) . These findings are in agreement with previous reports on dental agenesis in Caucasian populations.
MSX1 Mutation Screen and Sequencing
No new variants were observed in 90 subjects in any portion of the coding region of MSX1. Novel SSCPs were observed in two affected siblings by means of the MSX1 X1.2 primers (Fig. 3) . These siblings are from a large pedigree of 16 individuals affected with tooth agenesis segregating in an autosomal-dominant manner. Sequencing confirmed a T to A mutation for nucleotide 620 (Hewitt et al., 1991) , resulting in a Met61Lys substitution (Fig. 3) . NlaIII restriction digest and agarose gel electrophoresis of the 11 available family members verified the presence of the mutation in all seven affecteds, but not in the four unaffecteds or controls (data not shown). Linkage analysis yielded a LOD score of 1.68 (theta = 0.0). Furthermore, the mutation was not found in 80 Caucasian control chromosomes or in a previous study of 24 CL/P and 69 patients with isolated cleft palate (Lidral et al., 1998) . 
DISCUSSION
This study reveals a Met61Lys mutation in a large kindred with hereditary tooth agenesis, resulting in a LOD score of 1.68, which is the maximum possible LOD score for this family. The 100% concordance in this large pedigree and the fact that we did not find the mutation on 80 normal control chromosomes confirm the linkage of MSX1 mutations and hereditary tooth agenesis. This is in contrast to two studies that did not find MSX1 linkage or mutations in families or subjects with tooth agenesis (Nieminen et al., 1995; Scarel et al., 2000) . Currently, PAX9 is the only other gene having a mutation associated with isolated tooth agenesis (Stockton et al., 2000) .
In the first report linking tooth agenesis with MSX1 mutation, tooth agenesis was reported to be associated with mild maxillary anterior-posterior hypoplasia (Vastardis et al., 1996) . Others have postulated that congenital absence of teeth may result in decreased mesenchymal tissues required for normal growth of the maxilla (Ferguson, 1994) . However, cephalometric analysis of the initially identified two affected siblings in this family revealed normal facial proportions (data not shown).
The fact that only one instance of MSX1 mutation was found in our sample indicates that other factors are responsible for the more commonly occurring cases of incisor or premolar agenesis. Eight individuals in this study had cleft lip, cleft palate, or submucous cleft palate in addition to tooth agenesis. However, no MSX1 mutations were found in these individuals, suggesting that the clefts were due to other causes. All of the individuals in this study who also had an orofacial cleft were missing only 1 or 2 teeth. Given the high frequency of tooth agenesis in the general population, it may be coincidence that both phenotypes were observed.
The Met61Lys mutation may alter normal MSX1 function by a variety of mechanisms. MSX and DLX proteins have been shown to form dimeric complexes (Zhang et al., 1997) . DLX proteins have also been shown to be important in dental development (Qiu et al., 1997) . The overlapping expression patterns of MSX and DLX genes and their involvement in epithelial-mesenchymal signaling cascades of murine odontogenesis suggest that MSX and DLX proteins form heterodimeric complexes in vivo which provide a mechanism for transcriptional regulation via functional antagonism. It is possible that the Met61Lys may interfere with dimerization of MSX1 with DLX proteins. MSX1 has also been shown to interact with TBP and other components of the core transcriptional complex (Catron et al., 1995; Zhang et al., 1996) . However, both the interactions with DLX proteins and TBP have been shown to be mediated by the homeodomain, specifically amino acids in the N-terminal region, which are located some distance from the Met61Lys mutation, suggesting that interference with these interactions may not be a likely explanation. Alternatively, a likely explanation may involve a highly conserved 10-to 12-amino-acid region (53-LPFSVEALMA-62) in MSX1, MSX2, and MSX3 across many species (Ekker et al., 1997) . This region, which is quite hydrophobic, has also been suggested to be similar to the engrailed homology (EH-1) repression domain (Smith and Jaynes, 1996) . Repression by the EH-1 domain is mediated by Groucho, a basic-helix-loop-helix protein, that interacts with a variety of motifs in other transcription repression proteins (Jimenez et al., 1999) . Thus, this conserved MSX1 region may also have repression activity and interact with Groucho. Previous studies did not identify this region as being involved in MSX1 repression (Catron et al., 1995 . However, the Met61Lys mutation may be affecting an uncharacterized repression domain in the protein.
In the family reported here, the second premolars and the third molars were most often missing in the five affected individuals in whom the identity of the affected teeth could be verified (Table) . Thus, there is a similar pattern of tooth agenesis among the four families reported to have MSX1 mutations (Vastardis et al., 1996; van den Boogaard et al., 2000; Jumlongras et al., 2001) . The lower second premolars are the most commonly affected, followed by upper second premolars, upper first premolars, and upper lateral incisors. Third molar agenesis, while difficult to document due to the young age in some subjects, also is a common feature in these families. The most distal tooth of each tooth type is most often affected, and, as the severity worsens, there appears to be a pattern of anterior progression of agenesis for each tooth type. Another striking feature of MSX1 mutations is the large number of teeth missing in the affected individuals, with an average of 11.0/person (Vastardis et al., 1996 ), 8.4/person (van den Boogaard et al., 2000 , 16.4/person (Jumlongras et al., 2001) , and 12.2/person in this report. MSX1 phenotypes are in contrast to PAX9 phenotypes, in that molar agenesis was observed in the families with PAX9 mutations (Stockton et al., 2000) .
Interestingly, the existing teeth of the two affected siblings in this study, for whom orthodontic study models were available, are slightly smaller than average (data not shown). The maxillary second molars do not have a distal lingual cusp, and the mandibular first molars have only 4 cusps, missing the distal buccal cusp. Hence, there appears to be a transformation to a morphology of a more posterior tooth type. These findings suggest that MSX1 may play a role in both the patterning and morphogenesis of the dentition. MSX1 is expressed in the developing tooth bud during morphogenesis (MacKenzie et al., 1991) , supporting this theory.
The hypodontia pattern observed with MSX1 mutations suggests that a threshold level of MSX1 function is vital in the development of only selected teeth and that MSX1 functions to pattern the dentition. This corroborates the hypothesized odontogenic homeobox code proposed by Sharpe (1995) . The variation observed suggests that other factors modulate the effects of MSX1 mutations. Thus, we conclude that MSX1 mutations result in a specific pattern of inherited tooth agenesis, and the cause for the more common cases of tooth agenesis, where only one or two teeth are missing, is not explained by MSX1 mutations.
